Abstract. Quasar 3C 279 is known to exhibit episodes of optical polarization angle rotation. We present new, well-sampled optical polarization data for 3C 279 and introduce a method to distinguish between random and deterministic electric vector position angle (EVPA) variations. We observe EVPA rotations in both directions with different amplitudes and find that the EVPA variation shows characteristics of both random and deterministic cases. Our analysis indicates that the EVPA variation is likely dominated by a random process in the low brightness state of the jet and by a deterministic process in the flaring state.
Introduction
Rotations of the electric vector position angle (EVPA) of linearly polarized radiation have been observed in various blazars since the 1960s [e.g., 1]. Proposed explanations include stochastic variation [e.g., 2], multi-component models [cf. 3] , and bent trajectories of a moving shock in a tana e-mail: skiehlmann@mpifr-bonn.mpg.de gled [cf. 4] or structured [cf. 5] magnetic field. In 3C 279 a 300
• counter-clockwise rotation of the optical EVPA was observed in 2006/2007 and explained by an emission feature on a spiral path in a helical magnetic field [6] . In 2009 a 210
• rotation in the opposite direction was observed and explained by a global bend of the jet [7] .
A major issue in analyzing polarization data is the nπ ambiguity of the measured EVPA. Low sampling rates may obscure actual, large rotations and complicate the reconstruction and interpretation of the actual EVPA variation. We discuss here a method to distinguish random from deterministic EVPA variation and apply this method to our data set of optical polarization observations of 3C 279 from November 2010 to August 2012.
Data set and data processing
The photometric R-band data set consists of 24 light curves provided by different observers and institutions. We combine these individual light curves into one assembled light curve after removing clear outlier data points, averaging intra-night data, and cross-calibrating the individual light curves. Optical polarimetry data are provided by nine observatories listed in Table 1 . Since frequencydependence of the EVPA in optical is relatively weak, we combine all optical EVPA data sets to solve for the nπ-ambiguity.
EVPA ambiguity
Comparison of EVPA measurements is ambiguous. The measured properties are the same for an EVPA χ and the EVPA χ ′ = χ ± n · π with n ∈ N; thus, EVPA rotations larger than π cannot be determined unambiguously. The common procedure to solve for this ambiguity is to assume a smooth variation of the EVPA and to shift data points to minimize the difference between adjacent data points (see e.g., [7] ). We employ two methods to shift EVPA data points:
EVPA shifting method 1 determines the median of the N previous data points as a reference for an EVPA data point and calculates the absolute deviation between them.
EVPA shifting method 2 calculates the absolute deviation between two adjacent data points and subtracts the root summed squared errors:
Both methods shift an EVPA data point by ±nπ if the deviation is larger than π/2 with n ∈ N such that the deviation is minimized. The first method with large N is robust against measurement errors, but it is likely to obscure real variation, if the data is not well sampled. With our worst data sampling of one data point each 20 days, N = 2 must not be exceeded to reconstruct EVPA rotations rates up to 3.6
• /d (measured with method 2). The fast rotations are sampled much better; the mean sampling rate allows for N = 16. We choose N = 4. The second method is expected to obscure real variation less frequently than method 1. With a sampling rate and errors similar to those of our observed data, both methods correctly reconstruct a simulated EVPA rotation of 500
• /200 d with a probability of 98.5 %. Figure 1 shows the assembled R-band light curve, the degree of optical linear polarization, P, and the optical EVPA shifted with method 1, χ sm1 . The optical light curve shows little variation and low flux density, F ν < 1 mJy, before JD = 2455400. After the first seasonal gap the light curve covers a flaring state with an overall flux increase, two major flares, several smaller flares, and a flux decrease. During the first optical flare the flux density increases by a factor of 3 within 30 days. The mean linear polarization degree is P = 12 % with a standard deviation σ(P) = 8 %. Shifting the EVPA with method 1, we observe EVPA rotations in both directions with amplitudes up to 360
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• . A smooth 360
• -rotation coincides with the first major optical flare. To test whether these EVPA rotations are of a random or a deterministic origin we use the scheme presented in the following section. • . We define a quantitative measure of the smoothness of an EVPA curve and define a random process based on [2] and [8] to determine the probability of a random EVPA curve to show a large (> 180
• ) and smooth rotation.
A quantitative measure of smoothness
The point-to-point variation of the EVPA curve is
in units of degrees per time unit. The mean of the pointto-point variation
indicates a secular trend in the data. For a linear increase or decrease of the EVPA this value equals the slope of the linear regression. A point-to-point variation on the order of the trend indicates a smooth variation; whereas a strong deviation from the trend indicates a point-to-point variation larger than the general trend. The point-wise deviation of the variation from the trend is calculated as
The mean over this deviation is used as an estimator for the smoothness of the EVPA curve with respect to a potential linear trend:
The smoothness estimator s is the mean absolute deviation over the mean (MAD) of the point-to-point variation as defined in eq. 2. An EVPA curve with s 1 is considered smoother than a second curve with s 2 > s 1 .
Q-U-Random walk process
To simulate a stochastic variation of the EVPA we perform a random walk in Stokes-Q-U-plane. The model contains N cells of equal intensity I. The number N determines the mean degree of linear polarization
with P max = 75 % [8] .
Each cell contains a uniform, but randomly oriented magnetic field. We draw random samples from uniform distributions of Stokes
and normalize Q i and U i with the factor P max / Q 
The variation of the polarization properties P and χ is determined by the number of cells N var that change the magnetic field orientation in each mean time step ∆t [8] . The fraction of cells X ∆t varying per mean time step ∆t is estimated by the standard deviation σ(P) of the degree of linear polarization:
For modeled time steps ∆t we scale the fraction of changing cells linearly with the time step:
with
We define two slightly different random walk processes. 
1.28 % 0.87 % number of cells changing, N var = N, the averaged standard deviation of the linear polarization degree is σ(P) < 8 %. This already indicates that the polarization curve of 3C 279 is not produced by a stochastic process, at least not with one having the probability density functions that are used in our simulations. The mean time step of our observations is ∆t = 3 d. The simulation time series is constructed randomly with time steps ∆t following a power law distribution P(∆t) ∝ ∆t α with α < −1, within the limits [∆t min ; ∆t max ]. This simulates a time step distribution similar to the observed data. The EVPA is then calculated following either the simple random walk process or the shock random walk process. Simulated measurement errors are set randomly following a Gaussian distribution with standard deviation, σ errors . The resulting EVPA is modified with both shifting methods. For each modified EVPA curve we determine the amplitude of variation, A χ = χ max − χ min , and calculate the smoothness estimator, s, and EVPA trend, m.
The simulation input parameters are shown in Table 2 . Large EVPA rotations (> 180
• ) have been observed at the time scale of days to 100 days [e.g., 6, 7, 9]. We simulate time intervals of T = 200 d, to measure the frequency of large rotations within this time scale. We run the simulation 1 000 000 times for both random walk processes. Table 3 lists the frequencies of EVPA amplitudes A χ , smoothness estimators s, EVPA trends m and the corresponding means over all simulations for both random walk processes and both EVPA shifting methods. The last row shows the probability that both EVPA shifting methods give the same result. The main simulation results are:
Simulation results
• Large EVPA rotations of > 360
• in less than 200 d, as observed in our data, are common in random process based EVPA curves. The simple and the shock random walk processes produce rotations of that order with a probability of 43 % and 51 %, respectively.
• Only in fewer than 1.3 % of the simulations do both EVPA shifting methods result in EVPA curves that are consistent with each other.
• A smoothness estimator s < 8
• /d occurs less than 30 times in 1.000.000 simulations and s is larger than 10
• /d with a probability > 99.7 %.
EVPA variation in 3C 279
Figure 2 shows a comparison of the measured polarization variation of 3C 279 (left plot) and one simulation over the same time interval as the observation, based on the simple random walk process (right plot). We make four general observations: 1) The observed polarization degree and EVPA (180 • interval) variation is less erratic than the simulated polarization degree and EVPA variation. 2) This simulation shows an EVPA variation amplitude of the same order as the observed, but 3) the simulated EVPA curve is less smooth than the observed one. 4) The smoothness of the observed EVPA curve is shown quantitatively in the small scatter of the point-to-point variation (eq. 2) compared to the simulation. For a more detailed and quantitative description we divide the observation time into four epochs. Details are listed in Table 4 .
Epoch I covers the major clockwise rotation of the EVPA. The smoothness estimator is significantly higher than the mean smoothness estimator of the random walk process simulations. The two EVPA shifting methods give inconsistent results. Shifting method 1 gives a total rotation of ∼ 350
• , method 2 of ∼ 550
• . Both the high smoothness estimator and the shifting inconsistency point to a possible random process origin of the EVPA variation during epoch I. Epoch II covers a general EVPA counter-clockwise rotation with changing slope that includes one sharp EVPA decrease of 120
• in 4 days around JD2455655 and possibly a second decrease during the observation gap around JD2455800. The shifting results are consistent and the smoothness estimator is s = 5.0(4). Our simulation gives a probability of < 10 −6 for creating EVPA variation with these characteristics from a random process. Epoch IIb is a subset of epoch II that shows a smooth (s = 4.4(5)), counter-clockwise EVPA rotation of 360
• in ∼ 100 days. During epoch III the EVPA decreases. The shifting methods are consistent, but the smoothness estimator increased with respect to the previous epoch. This analysis indicates that two different processes affect the EVPA variation. During epoch I the jet is in a low state (F ν < 1 mJy (R-band)) and the EVPA variation likely originates from random fluctuations of the net B-field orientation in a turbulent emission region. At the end of epoch I -around JD2455350 -the degree of linear polarization increases by a factor of 2 − 5. A new emission feature likely emerges in the jet. This new feature dominates the jet emission, increasing by a factor of ∼ 20 from epoch 1 to the flare peak, and causes a deterministic EVPA rotation coinciding with flaring epoch 2. Different processes can explain a deterministic EVPA variation: 1) Abdo et. al. [7] explained the EVPA rotation of 3C 279 in February 2009 with a globally bending jet. Bends in different directions could explain the two-directional EVPA swings, but a rotation of at least 360
• requires the jet to follow a helical path. 2) Two orthogonally polarized emission features shift the integrated EVPA, when one of the features fades in or out. This process can rotate the EVPA in both directions, but only with amplitudes < 90
• [3] . 3) Two models are based on a jet emission feature -possibly a moving shock -that does not fill the full jet crosssection and moves along a helical or bent streamline. In one of them, the magnetic field can be tangled and the moving shock compresses and partially orders the tangled magnetic field [4] . The rotation of the EVPA is then coupled to the bent motion of the shock front [10, 11] . In the other one the magnetic field is ordered -either helical or toroidal -and the feature 'highlights' different parts of the magnetic field, resulting in an EVPA swing [5, 12] . Both of the latter models are expected to produce uni-directional EVPA swings only, as the rotation is coupled to the motion of the feature within the jet cross-section. If the emission feature is ejected from the accretion disk the twist of the feature originates in the angular velocity of the disk and is not expected to change direction. However, our first modeling results -in preparation -indicate that two-directional EVPA rotations could indeed be reproduced in the framework of an emission feature following a helical trajectory in a helical magnetic field, assuming angular momentum conservation in a jet that is opening up downstream.
During epoch III the flux decreases, suggesting that the emission feature fades out and the random variations in the low state jet start to dominate again, consistent with the increase of the smoothness estimator.
Conclusions
When 'solving' the nπ-ambiguity, one faces the danger of wrongly reconstructing the actual EVPA curve and misin-terpreting the data. Poor sampling rates may obscure large rotations. And shifting data points by multiple times of π may artificially introduce large rotations that actually are random and non-directed variations.
We present a method to distinguish between possibly random EVPA variation and deterministic EVPA variation. We run Monte Carlo simulations of a random walk in Stokes-Q-U-space, adjusted to reproduce the mean and standard variation of the linear polarization degree that we observe, with a randomized sampling rate, that follows the same characteristics as our data. The introduced smoothness estimator quantifies the smoothness of the curve. The simulations of different kinds of random walk processes give us a threshold for the smoothness estimator. We can exclude these models at a certain confidence level, if the smoothness estimator of the observed data is smaller than the threshold. We point out that the threshold depends on the data sampling characteristics and the number of modeled cells, and thus the quoted values are only valid for our data set. The smoothness estimator threshold and the (in)consistency of the two presented shifting methods are two indicators to distinguish between possibly random and deterministic EVPA variation.
3C 279 shows both characteristics in different states. In the low state the EVPA rotation is consistent with a stochastic process, possibly due to turbulence in the jet. In the flaring state the EVPA behaviour is likely deterministic and possibly dominated by a single emission feature. We exclude the model of a bent jet and the simple twocomponent model. A helical trajectory of the emission feature seems to be able to explain the EVPA rotation and modeling the EVPA curve in this scenario is in progress. Also, modeling will be needed to discriminate between the two possibilities of a tangled and shock compressed magnetic field or a structured (toroidal or helical) field.
Optical flux density and EVPA during the 360
• rotation (epoch IIb) show a high resemblance to the EVPA variation of PKS 1510−089 in March 2009 and BL Lac in September 2005, all coinciding with a general optical flaring episode and ending with sharp sub-flare [9, 12] . Thus, we observe the flare-related EVPA rotations not only in different objects, but in different classes of objects (quasars and BL Lacs). The 360
• rotation in 3C 279 takes 110 d. Assuming a Lorentz factor Γ = 15, this time corresponds to a traveled distance of ∆r ≈ 5 · 10 5 Schwarzschild radii (assuming a BH mass of 6 × 10 8 M ⊙ [7, and references therein]). If this emission feature is located in the acceleration and collimation zone, the mean Lorentz factor and traveled distance are likely smaller.
With an increasing interest in well-sampled polarization data [e.g., 9, 12] and new optical polarimetry monitoring projects like Robopol (http://robopol.org/), our analysis method may prove to be useful in discriminating between stochastic and deterministic EVPA rotations. As we observe two different processes in the low state and the flaring state of 3C 279, we point out that it is mandatory not only to observe blazars triggered during flaring states, but also with good sampling during low states to fully understand the structure of the magnetic field and the processes responsible for EVPA variation.
